The goal of this work is to compare different constitutive models in the nonlinear static characteristic analysis of asphalt concrete core dams. The Duncan E-µ model, Duncan E-B model and double-yield-surface model are three major constitutive models in the nonlinear static prediction of earth-rockfill dam. In this paper, an earth-rockfill dam with asphalt concrete core-wall in an actual hydraulic engineering is employed to compare the three models. The finite element model of the core-wall dam is proposed. Nonlinear static analysis of the dam is carried out and the static characteristics are obtained to study the differences generated from different constitutive models. Numerical results show that both the stress extremum and the stress distribution of dam body with three different models are coincident one another. In the deformation analysis of dam body and core-wall, the maximum values of sedimentation with the Duncan E-µ model and the Duncan E-B model, which are greater than the value with double-yield-surface model, are close to the practical test data though the deformation distributions with three models are in good agreement. But, the analysis results of core-wall stress with double-yield-surface model are proper and more reasonable than the other models.
I
The earth-rockfill dam has many significant advantages, such as simple construction, low cost, long life, wide adaptability of topographic and geologic conditions, and so on. It has become a major dam type in current hydraulic engineering. The traditional impermeable material for an earth-rockfill dam is based on the clay. On account of the rigorous requirements for clay gradation, the great effects of the local climate on clayey execution, and the demands of soil conservation and environment protection, selecting an appropriate impermeable material is increasingly difficult. This restricts the development of clayey soil dam objectively. The application of asphalt concrete materials as the impermeable material of the dam began in the 1930's. As the asphalt concrete spreading and rolling machinery was successfully developed in 70 years of the 20th century, the earth-rockfill dam with asphalt concrete core-wall has been a rapid development in water resources and hydroelectric power engineering [1] [2] [3] .
At present, constitutive models mostly used for the numerical simulation of the behavior of soils and rocks are nonlinear elastic models and elasto-plastic models. Nonlinear elastic models represented by the Duncan E-µ model [4] and the Duncan E-B model [5] are directly constructed by fitting the test stress-strain curve of soils. These models have been widely used in practical engineering since their parameters possess clear physical meanings and can be easily obtained from test. On the other hand, Elasto-plastic models, such as the Modified Cam-clay model [6, 7] , the Nanshui double-yield-surface model and the Yin Zongze yield surface model [3, 8] , can describe comprehensively characteristics of soils including pressure hardening, nonlinearity, dilatancy and stress-induced anisotropy.
To ensure the safe working of the dam, it is crucial to predict the stress and strain response of the dam and the core-wall accurately. The simulations and analysis about the earth-rock fill dam with clay core-wall or rockfill dam with concrete face plates have been carried out by many researchers [3, [9] [10] [11] . With the Duncan E-B model, Cam-clay model and Nanshui double-yield-surface model, S and W [8] have analyzed and compared the stresses and strains distributions of Hengshan Reservoir dam. W et al. [9] have simulated the concrete face rock-fill dam filling process by three-dimensional nonlinear finite element method and some numerical results were obtained. A three-dimensional numerical study of a hypothetical CFRD was presented by F et al. [10] in order to verify the influence of the valley shape on the embankment behavior. In their model, the linear elastic constitutive model was adopted to describe the behavior of the foundation and the Cam clay elasto-plastic constitutive model was adopted for the rockfill materials and interface between the rockfill embankment and the slope of the valley. W et al. [11] have studied the settlement behaviors of Shuibuya concrete faced rockfill dam at the construction and impounding stages. In their analysis, the rockfill material was modeled by the double yield surfaces model according to the actual material zoning and construction procedure of the dam. The maximum settlement and horizontal displacement of the rockfill part and the deflection and downslope displacement of face slabs were obtained and analyzed, respectively.
As to asphalt concrete core dams, some research works have been done, and in these works nonlinear elastic model and elasto-plastic model are the two common used models. W and H [12] investigated the behavior of hydraulic asphalt specimens subjected to cyclic loading in a triaxial cell. The specimens were tested at various sustained static stress states and temperatures and at maximum cyclic shear stress levels corresponding to severe earthquake shaking of the dam. F-K et al. [13] studied seismic behavior of a rockfill dam with asphalt concrete core. The different stages of construction and impounding were analyzed with the Duncan model and the 2D nonlinear dynamic analyses were performed to investigate asphaltic core behavior under earthquake loading. The Duncan model was adopted by C et al. [14] to compute the stress and strain of both the rockfill dam and the asphalt-concrete core after karst grouting and other treatments. However, few published documents exist on the comparison of different constitutive models in characteristics predictions of the asphalt concrete core dam. There is a strong lack of profound understanding the difference among the nonlinear strength property of asphalt concrete core dam with different constitutive models. For this purpose, the three-dimensional finite model of a practical asphalt concrete core dam has been founded. Nonlinear static property predictions of the dam are performed with three classical constitutive models and the distribution and extreme values of stresses and strains are studied in order to compare the differences generated from different constitutive models.
T  
The Duncan E-µ model, Duncan E-B model and double-yield-surface model are three major constitutive models in the nonlinear static prediction of asphalt concrete core dam. Although the three models are not very appropriate for asphalt, they have been widely used in practical engineering to simulate the mechanical behavior of asphalt due to their simple form and parameters are easily getting from the test.
D E-µ 
According to Konder's postulation which indicates that the test curve between deviatonic stress and axial strain in triaxial test of soils is similar to hyperbolic curve, D and Z [4] have presented the E-µ model. Initially, the model is only applicable to two dimensional problems. Later, in order to solve three dimensional problems, it was amended by replacing the stress σ 3 with the average principal stress p and replacing (σ 1 − σ 3 ) with generalized shear stress q.
On the assumption that shear strength of rocks complies with the Mohr-Coulomb failure criterion, the expression of the tangent elastic modulus E t can be written as
where R f is a material parameter called the damage ratio. E i is the initial tangent elastic modulus and it can be obtained by using the empirical Janbu formula [15] (2.4)
in which P a is the atmospheric pressure. S l in Eq. (2.3) is the stress level and it can be calculated by
By using the Mohr-Coulunb criterion, we can get
where c is the cohesion force, φ is the internal friction angle and θ σ is the Lode stress angle. According to Kulhawy and Duncan's proposition, the Poisson's ratio µ t in the Duncan E-µ model can be obtained from the approach of getting the tangent Poisson's ratio from the triaxial test data of soils.
In above equations, K, n, R f , C, φ, G, F and D, which are eight nonlinear stress-strain parameters of the E-µ model, can be determined using the triaxial test of soils.
D E-B 
Using tangent bulk modulus instead of tangent Poisson's ratio, D et al. [5] developed the Duncan E-B model. Similarly, the Duncan E-B model was extended to three-dimensional problems by replacing the stress σ 3 with the average principal stress p and replacing (σ 1 − σ 3 ) with generalized shear stress q. The tangent elastic modulus of the E-B model is also defined by Eq. (3) and tangent bulk modulus B t is given by (2.9)
where K b and m are model parameters. Thus, the Poisson's ratio can be expressed as (2.10)
In above equations, K, n, R f , C, φ 1 , ∆φ, K b and m are nonlinear stress-strain parameters of the Duncan E-B model and they also can be obtained by triaxial test of soils.
D-- 
Based on the double yield surface theory, S et al. [8] proposed the double-yield-surface model in which the yield function has the following form (2.11)
where r and s are yield surface parameters. The corresponding plastic volume strain and shear strain can be calculated by the following equations (2.12)
where plastic coefficients A 1 and A 2 are (2.14)
In above equation, E t has the same expression with Eq. (2.3) of Duncan E-µ model. µ t can be obtained by the following equation
The double-yield-surface model involves a total of 9 parameters, which are K, K ur , n, R f , C, φ, c d , n d and R d , respectively. The first six parameters have the same meanings with those of the Duncan model and the last three parameters can be obtained from the volumetric strain curve of the triaxial test of soils or derived from parameters G, F and D of the Duncan E-µ model.
T    
In this section, an earth-rockfill dam with asphalt concrete core-wall in an actual hydraulic engineering is employed to analyze its nonlinear static characteristics. With three different constitutive models shown in section 2, stress and deformation characteristics of the dam and the core-wall are studied and compared.
The elevations of the dam crest and the top of the core-wall are 657.00 m and 656.50 m, respectively, and the height of the core wall is 62.30 m. During the constructing of the dam, the first and second phases of the cofferdam were filled at first, and then the dam was built layer by layer. Two transition layers with 3 m in width are located in each side of the core-wall, respectively.
As shown in Fig. 1 , the three dimensional finite element model of the asphalt concrete core dam is established. The dam and the core-wall are subdivided using spatial tetrahedron elements and brick elements, respectively. Contact elements are used to simulate the contact interaction among the core-wall, transition layers and the concrete foundation. The finite element model of the whole dam comprises 22, 127 nodes and 109, 190 elements including 2, 421 contact elements. Figure 2 plots the finite element model of the asphalt concrete core-wall and the global coordinate system, in which the x-axis parallels to the direction of the stream, the y-axis is along the direction of the altitude and the z-axis refers to the axial line of the dam. The materials used in the calculation mainly involve asphalt concrete of the core-wall, transition materials, dam shell gravel, rock and concrete of the dam base. The Duncan E-µ model, Duncan E-B model and double-yield-surface model are adopted to describe nonlinear constitutive relationships of the asphalt concrete of the core-wall and dam materials, respectively. The related model parameters are determined by the triaxial test of the actual sample materials, as shown in Table 1 . The rock and concrete of the dam base is modeled by linear elastic constitutive model. In order to simulate the processes of the dam constructing and water storing, two work conditions, the constructing stage and the impounding stage, are considered here. Loads are applied step by step and a total of 23 load steps are involved during the calculation process. To ensure the precision in calculation, the increment method is used in each substep, while the contact relationships among the asphalt concrete of the core-wall, transition materials and the concrete of the base are implemented through Newton-Raphson iterative technique.
N   
Using different constitutive models, the calculated maximum sedimentation displacements of the dam after its final completion are 0.2307m with the E-µ model, 0.2404m with the E-B model and 0.1251m with the double-yield-surface model, respectively. It is apparent that the maximum displacement obtained from the E-µ model is close to that obtained from the E-B model, while the maximum displacement got from the double-yield-surface model is significantly less than that of the first two models. According to the practical measured data, which is approximate to 0.30-0.35m, the maximum sedimentation displacements calculated from the E-µ model and E-B model are reasonable, while the maximum displacement obtained from the double-yield-surface is too small. The coordinates of the maximum sedimentation displacements obtained from the three models are (0.40, 633.50, 142.43), (11.29, 633 .50, 169.56) and (10.23, 633.50, 161.58), respectively. That is, it is at about 2/3 altitude of the dam and close to the midpoint of the axial line of the dam. Figure 3 shows the sedimentation displacement distribution of the highest profile of the dam. Although the amplitudes of the maximum sedimentation obtained from the three models are different, the sedimentation distributions are quite similar and the positions where the maximum displacements occur are almost the same. Figure 4 illustrates the compressive stress distribution of the highest dam profile. It is readily shown that, with different constitutive models, compressive stress distributions described in the three diagrams are similar, but the maximum stress got from the double-yield-surface model is less than others. The maximum major principle stress after the final completion of the dam is 1.9552 MPa by the E-µ model, 1.8423 MPa by the E-B model and 1.7454 MPa by the double-yield-surface model. The corresponding coordinates are (-0.40, 599.50, 134.00), (-0.40, 594.20, 123.00) and (2.70, 601.33, 92.01), respectively. It is notable that there is no tension stress appearing in the major principle stress distribution of the double-yield-surface model. The maximum minor principle stress of the dam is 0.9925 MPa with the E-µ model, 1.0594 MPa with the E-B model and 0.7500 MPa with the double-yield-surface model. The maximum tension stress appearing in the minor principle stress calculated by the double-yield-surface model is only 0.0623 Mpa, which is less than those obtained from the E-µ model and the E-B model that are 0.4941 MPa and 0.5755 MPa, respectively. All of these tension stresses occur in the contact area between the transition materials and the core-wall. The maximum vertical compressive stresses obtained from the three models are listed in Table 2 , in which the DYS model is defined as the double-yield-surface model. It is noted that the maximum compressive stresses calculated from the E-µ model and the E-B model appear at the contact region between transition materials and the core-wall. After completion E-µmodel The maximum sedimentation of the core-wall is 0.2138 m with the E-µ model, 0.1960 m with the E-B model and 0.1209 m with the double-yield-surface model. The maximum sedimentations of the core-wall calculated with the three models are all located at 2/3 height of the dam. As plotted in Fig. 5 , the distributions of the sedimentations calculated with the three models are similar. Figure 6 describes the distribution of the major principle stress of the core-wall. It can be seen that the distribution of the major principle stress obtained form the E-µ model is close to that obtained from the E-B model, and stress concentrations related to both models occur in a few regions. But for the double-yield-surface model, all major principle stresses are compressive stresses with smooth distribution, and no stress concentration phenomenon appears. The maximum stress of the core-wall with a magnitude of 1.2494 MPa is small by comparison with the results obtained with other two models, and it appears at the bottom corner of the right bank of the core-wall. Due to the appearance of local stress concentration, the maximum stresses of the core-wall obtained from the E-µ model and the E-B model, which are 2.0872 MP and 2.2294 MPa respectively, are much larger than that obtained from the double-yield-surface model. The maximum tension strains of the core-wall are listed in Table 3 , in which results obtained from the E-µ model and the E-B model are in good agreement with each other and much greater than that of the double-yield-surface model. As we know, the asphalt concrete is a kind of good plastic material, but Duncan's models can not reflect the dilatancy and cross-effects of compressing and shearing of soils. But, since the plastic strain of soils is taken into account, the double-yield-surface model can describe various soil characteristics including pressure hardening, nonlinearity, dilatancy as well as stress-induced anisotropy. Thus, the calculated results got with the double-yield-surface model are more reasonable theoretically than those with Duncan's models. Moreover, the strain distribution of the core-wall obtained with double-yield-surface model is very close to the practical observation results. When the water is impounded to the normal height of the dam, the maximum displacement of the dam along the direction of the river is 0.0766 m with the E-µ model, 0.1376 m with the E-B model and 0.0653 m with the double-yield-surface model. The results of the E-µ model is close to that of the double-yield-surface model but less than that of the E-B model, which is different with the results after completion. The distribution of the compressive stress of the highest dam profile is shown in Fig. 8 , in which the distributions obtained from the three models are very similar. Table 2 displays the maximum vertical compressive stress of the dam. After the water storage, the calculated maximum major principle stresses of the dam are 1.7994 MPa with the E-µ model, 1.5673 MPa with the E-B model and 1.4552 MPa with the double-yield-surface model, respectively, and all of them occur at the contact region between the dam bottom and the core-wall. The maximum minor principle stress is 0.8772MPa with the E-µ model, 0.9828 MPa with the E-B model and 0.5491 MPa with the double-yield surface model. In the distribution of minor principle stress, the tension stress got from the double-yield-surface model is very small, only 0.1391 MPa. It is different from the results at the dam completion that the maximum tension stress of the minor principle stresses reduces from 0.4941 MPa to 0.3993 MPa with the E-µ model, but increases from 0.5755 MPa to 0.6394 MPa with the E-B model. This phenomenon is related with the stress and deformation of the core-wall. The maximum displacement of the core-wall along the direction of the river is 0.0618 m with the E-µ model, 0.1376 m with the E-B model and 0.0653 m with the double-yield-surface model, when the water is impounded to the normal high height. The displacement distribution along the river direction is shown in Fig. 9 , and it is coincide with the distribution of water pressure. The displacements of the highest profile of the core-wall for different height are depicted in Fig. 10 . It is shown that the displacements got from the E-µ model are close to that from the double-yield-surface model. The distribution of the major principle stress of the core-wall is plotted in Fig. 11 . The maximum major principle stresses calculated with the three models are 1.4689 MPa, 2.1987 MPa and 1.1014 MPa, respectively. With the E-B model, the stress concentration appearing at the contact region between the dam and the core-wall directly results in the occurrence of the large tension stress. In contrast, the stress concentration phenomenon is not significant for the major principle stress obtained from the E-µ model. Comparing with the results got with the former two models, the major principle stresses with the double-yield-surface model are much small and the stresses gradually decrease along the height. Its stress distribution is relatively uniform and reasonable. The calculated tension strains of the core-wall, as shown in Table 3 , have a similar trend with stresses. The maximum tension strain from the E-B model is the largest one, 0.0198, but the results from the E-µ model and double-yield-surface mode, which is close to the observation data, are 0.0073 and 0.0027, respectively. From all the above analysis, we can conclude, in the stress analysis of the asphalt concrete core-wall, the results obtained from the double-yield-surface model which considering the plastic strains are more reasonable. The results obtained from the E-B model are not good, especially for those calculated during the water impounding.
C
In this paper, the nonlinear static behavior of a practical dam with asphalt concrete core-wall was analyzed with three constitutive models, i.e. the Duncan E-µ model, the Duncan E-B and the double-yield-surface model. The principal conclusions are summarized below. 1. For the stress analysis of the dam, the results including maximum stress and stress distribution with the three models are consistent. During the sedimentation calculation of the dam, although the obtained sedimentation distribution with the three models are same, the results got from the Duncan E-µ model and the Duncan E-B model which are based on the soil stress-strain test curve fitting method are closer to the actual observations.
